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ABSTRACT

A delayed-neutron aaaay instrument waa inatallc~
in cha Fluorinal Diaaolution and Fuel Stor8ge
Facility ●t Idaho National Enginaaring Lakr,ra-
tory. The dual-aaaay instrument la daaign~.d to
meaaure both apant fuel ●nd waata ●olid~, that
are producad from fual proceamins. A ■at of
waete atandarda, fabricated by Loe Alar,oo using
uranium bupp~ied by EXXON Nuclear Idah,J Company,
rma umed to calibrmtm the small-azmpla ●maay
region of the inatrumen~., Perforwnce testing
waa complatad bafore installation rf the lnatru-
ment to dntermlne the effects of rranIum enrich-
■ent, hydrob=noum materiala, and neutron poiaona
on ●aaaya. Tha unit wan deo~gned to ●eaaure
hi~h-enriched uranium ●mmples in the prcmenca
o“ large neutron bmckgrounda. Heamuramcnta in-
d.cate that the ●yatem can aaaay low-el,rlched
uranium nampleu will] mod?rate backgrounte if
callbratmd with proper eLa,ldardn.

INTRODUCTION

A drlnyrd-neutron interrogation aauay ●yn-
tem (Shu[[ler) waa ?,enlgned, constructed, and
Inetallcd in the ncw Dcpnrtmcnt of Energy Fluor-
Inel Dlnmrlrlfon #rn,l Fuel Sloranc (FAST) Facll-
Ity al IdAhrI Natlunml Engin@erlnR I,ahuratory
(INE[,).l-J Tha Sl,ufflpr, devclopd da nn lnt~-
gral pprt UI the FAST Faclllty d.rnign, ●vulvrrd
thruuRh close ir,leracttonn mmon~ l,on Almmom Nn-
tlorral l,alnlratvry, EXXON Nuclear Idnho Company
(HNICO), and III- Ralph H, Parnunn (hmpany, Llw
arrhlter~ural enRlnoara. Inntallattnn of th~
lnnlrurn~nt IIt t h? fncfllty wmm cnnrdlnnt~rl

throuRh CmtlIlyLic, lnr., Lhe connlructlon mxrr-
anQr. T’IIP Imclllly will atur~ nnd rwproceam
urnulllrn fwol frmm 11S Gnvcrnmpnl r~nenrrh renr-
Iorm ●nd lIIV US Navy’m nurlcar ●h!p propulnirrn
nroaram.4 TIIW Shufflpr In m duml+mmny dov ●

draiRn@d (o mwamre tlond@mtrur!fv@]y tha 42 $

ronlmnt In -Ilrlrllatl-llranltlm npout fu-in ●nd In
WII-IQ roltdm prmfurmd by fuml dlnnolutlon. Two

D. BLACK, B. CARLSON, L. DECKER, and H. W. ECHO

EXXON Nuclear Idaho Company, Inc.
Idaho Fnlla, ID 83401

%folk ●lppl);tdby [he Ik l)@pIIt’tRi@lltllf hl@rRy,
l)fflrm I f HafQRuardm ●nd Sorurlfy.

independent eatim:tea of the uranium content in
fuala are required befora diaaolution to aatiafy
plant operating prccedurea and to ● nnure criti-
cality safety during proceaaing. Thaaa eati-
matea ● re providod by ● Shufflar ●beay meanure-
mant ●nd ● n operator-declarad bt.rnup value.
Follovin4 fuel diaeolution and completing, the
solution ia filtered to rsmove undiaoolved aol-
ida and then sent to another f~cllity for ura-
nium racovery. The inooluble particulate re-
moved by the filter conntituten aolida waate,
which ia packed into atalnlenn steel canietern
for evantual diapoaal. P!terial accounLabllity
requires ● datermlnatlon of the qu~nLIty ot
uranium contalnad in waete ●olidn, a difficult

problau whan chemical. techniques are ua~d. The

Shuffler ia denigned to mearnurn the 24% con-
tent in wante canintera.

Leaay ●paclficatlona for the Instrument
conaiat of a waeta-cnnioter measurement praci-
olun of *3O g (20) over tho range O to 400 g 01
235U, Specification for [UCI meaauremcntn rc-
qulre ● ~5% (21J) prerlul{,n for fuel loartlngn he-
twacn2 and 10kg of 23%. A.nrIy meanuremrnt~
● re complicated by large n@tlLron hxckgroundn
produced from both (a,n) rear.tinnn mild nponLmne-
nua fleafon of the curium lmoLop@a. Op@rntJonnl
epecifirntlonm llmL n n@uLron hxckRr und from
the fuel and waate rf up to 1.2 x 10 %’B-l “,,(,

r~qulr~ tlw ln~trumont to mpl I the rnanuurmrllt
specificatlona for hmrkgr,mmll, up 100.5 m 10(’
n-l,

TIIin paper containn a hrl~f dvtirrlpllon nf
th~ Shuffler ●nmay innLrllm@llL And Inc]udmn n
tflmcummlon of th~ nnf!wm:e [~atur~a uned LO per-
furm nmaaya and to provld~ Rrafdlirtil dlnp!nyn
of rrnllhrntlull dnLa ●nd Ihr wr~nlurn profllrm in
mamplam. Hamlc-ranloL~r ❑tanttmrrln rlevrloped III
rmlthrate th~ innlrummtll ar~ dlnrumwmd, aIId dmtn
011 ●rannlng ●aeayn of Lhmme rnnlmlorn are pre-
monted. H@aauremcnt re~ultn nrp ljrenenl~d i~~r
a vari~ty uf matorinln ammayrwl durlllR lmrlol-m-
anr~ toa LlnR of 1110 Innlrumrul ,

fiynlrm IMnrriptfon
Bmcaume” w~iim titilidm mId ripen- lurIl ,,,lml~,~,-

nmnlm wmr* nol ●vnlldhlo for mxpmllnrnln, I III.



instrument was designed using analytical calcu-
lations.2 The Loa Alamoa Monte Carlo code
(t4CNP)5 waa used to specify P Fhree-dimensional
geometry and almulate neutron transport in the
instrument to determine fiaaion and delayed-
neutron count ratea6 for vario~la samples. The
typea of materials awl their geometries and 10
cationa in the instrument, in addition to *s-

aeaament of the Shuffler’s measurement; perform-
ance, were baaed on MCNP calculations.

The Shuffler (Fig. 1) la housed in a oepa-
rate shielded cubicle at the baae of the dis-
solver cell and contains two tubes that pene-
trate the cell floor and extend down through the
instrument. These tubes provide a containment
barrier bet.~een the contaminated proc.aa ceil
and the instrument and permit scanning meaaure-
mente to be performed on aamplea paased through
the Shuffler. The 15-cm-diam small-sample tube
in for waat~-caniater asaays and provides a
geometry suitable for precision measurement on
eamples containing ~mnll quantities of uranium.
The 50-cm-diam large-sample tube enablea meea-
urement of fuel packeges that have various
ahapen and lengths and contain large quantities
of uranium.

(/uolity-asuurancc and qunlity-control pro-

grama were developed and recordu were ❑aintained
during denign, development, and Leating of the
Shuffler. The instrument is required to wtth -
stand earthquflken of a Hprriflecl ❑ngnitude and
frcqi)anry and remain oprrntionnl. ThF Shufiler

alao aatiafiea safety, radiation shielding, and
facility maintenance apeclficatlone. All compo-
nents fn the instrument are labeled, permitting
the instrument to be Aiaasaembled and reaaaem-
bled. Documentation supplied with the system
conaiata of a software operations marvlal, an
electronics nyatema manual, physics and measure-
ment teat documentation, and complete mechanical
fabri~dtion and electrical schematic drawinga.

The asatiy ayatem compriaea both electronic
and mechanical components that are located
throughout the facility (Fig. 2). The aaaay
instrument, contained in a cubisle, la connected
by cablea to nuclear electronics instrumentation
❑ountr-d in an equipment rack outside the cubi-

cle. A computer located in the operationa room
controls the instrument and receives meaaureuaent
data from the nuclear electronics. The ~natru-
ment la operated from a terminal by selecting
● n option from the asuay software ❑ enu. This
terminal ia located adjacent to a hot-cell win-
dow, directly atmve the instrument cubicle, in

the crarw corridor. Thin location providea con-
venient accea6 for operators to view the admplea

being positioned for rneaaurement, Sample infor-
mation and assay data are tranaferrer! between
the Shuffler and main factlfty computer using a
commuricationa link. The vertical position of
a sample in an aaaay tube during mea~urementa
la obtained directly by the Shuffler computer
through R link with the hot-cell crnne.
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Fig. 2. Delay ed-n~utron inter rog~tor instrument component
locations {n the FAST facility.

Shielding is required to reduce the radia-

tion emitted from the waate and apertt-fuel nam-
ples and from the 252Cf eource contained in
:he instrument. Radiation reaching the person-
nel corridor io reduced by the ahleld cubitlo
housing the instrument. During a measuremert( ,
the inteose gamma radiation emitted from fuel
and wastr trampleti is alao decreaned by a 10-cm-
thick lead column surrounding :he sumple tubeu,
This column comJintB of 3\0 interlocking lead
pieceu clamped Into po~it,ion by MII external
shroud . The Shulfler ~n nhielded LO rcduco the
number of gammu raya and neutruns emitted by the
25~Cf uourc,e thnt encnpe fro)o LIIC, iahield, The
nowrce in kept in the IIhl,Iltf poIJILion by an ilI-
terlock kcy tiwitcll that In utted when the cubicle
in opon Lo pt~ruornvl ncctINm, Rndlnt ion rc~rhlng
the nurfacc 01 the, j!rntrwm~nl in <5 mK/h for tlw
Inrgetit nllownble 2)2Cf source (3.75 mg)j excep:
ior onc poIJiIlon where thr rndlnt loo levPl 114
25 nlft/h. Th!fi ri.rdlfition iH red~w~d to a ot+gll-
Rthle qllnnt. ity on the o\lt#ido of tl)r cuhiclr
hI)IInlnR tlw Shulller,

A Kourrtl l.rnnMfer cnnk WnB d~$ll~lwd and

rnnmtrurtod ‘ [1 permit 2!)2cr nourcrn t () I)@
tranmlrrrrwl tn and from the SI)ufller, Tt)@ c~ak
meetn thP Depnrtmrnt nf ‘rr-nnpnr!nttun (DOT-7A)
lic~nno rnquiromenlm nnd in cmrllfied t.) trnnti-

,,

‘i
2’)2.(:, ,,, l)wnP menB-Port “p 1:,:,: ’4(:,:2::; 1! ~;f “o,,r(i@

urmmenln Itldirrtto

that the lnrp,ant allownhlp uource wowld pruduce
~N) mft/h at the tank nurfacr at>d 2 mlt/11 at 1 m
lrwm t.hP c~nk. Spe(. lnl frntwr~w o[ thin (,ank

tire otora~r ponlt ion M for IWO ❑uurc09n NI\d a ~enr

mechanism to tracster the sourced. Each storuge
position is conn,,~cted to a gear wheel, and a
californium sc,urce attached to a Teleflex cable
can be inserted or removed irom the cask by con-
necting n hand crank to the appropriate gear.
The Shield tank ullowa sources to be quickly nnd
enBily tranaterrcd and provides radiatic,n prt)-
Lectio[l during rcmoVul of tin old 80UrCe and ln-
norti-n Ot a new aour~e into the Shuffler, aH
Hllown in Fig. 3.

The inaLrumellL t,:,ceedti tllc. Hef~m{c deHiMll
requirement for the facility, The Shuffler iti
rigidly bolted to N mounting pedestal in tl~t~
r.ubicle, All mnt~rials nre tightly pu8itioned
wltliln a ~turdy Iramt. work to prevent moverncnt
o t Ilhfftlng. Thr load cnltlmn nurrowndfi:g tl){,
two tul)ea thnt prnetrnte the lnntr,lmenl r\IbIcIII
1s cl!lmped in pln[a hy n nf.n{nlert,i H.orl Hl)rou(l,
whlrtt !8 bolted 10 tn. I,eduptnl hnnc 1111(1 111(,
rutliclc Cc!ling. f)urtng an earthquak~, (.110
mhrcud will 1 imlt movement of t.ho lend piLICOtI

and prwvont rupture of lIIV tubes.

I’Iln nuHny procodur~ ron.ql~tn ~.f lt,w~.r[l]R ,,
nttmplc Into t I)e npprnpr late throtl~h-tul)r fnr n
I)nck$rol)nd monnwrrment , followed” hy Ill) Ilct iv,,
noulrnn tnt~rrngptlun an thr nompl(t 1“ Iflt{,{l
from tllo tulwt, ~nlt~r’rognt lot) conai8t H or Lrnt)#-
I (,rring the 252Cf st)wrr~ trom ltH nhit,ldvd
wtnrtrgv pt)uil ion Lo nn frradfntft)ll lo{.nt 1,)1, l,onr
tlw Mnmplp. After Irrndlnt.lou tlIo Ml]{lrcr III
returned 1{1 ht~)rnN~ nud tllo,t (Irln)m(l .Ieutronu
pr~)durmd am a roat)lt 111 (Irnl)llm! ll141411)nn Illrttl(.e(l
hy tlIfI ●owr.,e arr rI)IIntrd, Tl)ln moanllrpmot)l



Fig. 3. A source is transferred from the Shuf -
!ler to the ehield cask.

cyc.1~ lR r(~p(!llled until the Hample ia Lifted
from the monsurernenl regfon of Lhe Shuffler.
Uuing tt)e asaay mca~uremei~L and 1! calibration

;y;v~~fjbtalned from knuvn standards, a value for
U coutent in the sample in cnmputed,

~~rformnncr ‘rent ReNultn.-.
Pcrforrn~li~i:t:- i;ii”]n~--=n completed before

lnbtnllntlon of tho Shuffler in the FA5T facil-
ity. A 252(;f HOUI’{.Q WRO ohtnlned frum Savannah
RIvrr Lnlmrntoril,ti mId calibrated by the Na -
t~(]nnl BIIrWIU of St/tnd.nrdH (NBS). m~~ oource

d
neutron cmt~ti 011 r~tr wnn Hpeci[l@d by NBS to
I)(* 1.76 x 10 n/H on January 1, 19112. F.xperi-
ment~ wrt’c cnnrl~lctt~d unl IIg tll Ia source tu deter-
mlno tl!r ef[P(.tH (,f hy(iro~en, pniwonn, and urn-
ntum onrfchmont (]0 auafiy H. DMln wore collacted
from n vartoly of nnmplem c[)n~inting of 10w-
rnrlclmd urnntum In ligl~t-water-renctor (LWR)
a!l[l lt{~lll,lR.w/,t@r-ren~.t”r (@WR) f,i~] rod”, h~gh-

rurlclwwl IIljil!lum cuntntned lU grnphita powder,
and mntorlnl,,-te”~-rea<%t Or (MTR) fuel plnt+n.
A ~!$t [)[ Wtinto atandat’du wan in brjratod ~nd uaod
to rnllhrato the Shutllor ●mi411-uample anuay
region,

The detection efficiency and vertical re-
sponse profiles were measured using a small cal-
ibrated 252Cf source. The %e detection effi-
ciency wa~ meaeured with the source positioned
at the detector midplane and centered in each
aasay tubi!. The efficiency of the IB2411- and
large-sample aaaay tubes waa 7.4 and 1.2%. The
vertical profile response waa meaaured by col-
lecting counto with the source set to varioua
poaitiona along the center of each asaay tube.

The vertical profiles are plotted in Figs. 4 and
5 for the small- and large-sample assay regiona.

ENICO supplied the uranium and Los Alamoa
fabricated waate standarda to calibrate the
Shuffler. Material composing the atandarda waa
prepared using information supplied by ENICO on
the quantities expected in waste aolldu from
fuel processing. Four caniatera with identical
shapes and constructed of stainless steel 304
were supplied by ENICO. ‘l’he caniaters have a
0.32-cm wall thicknees, 11.43-cm o.d., 61-cm
height, and an internal volume of 4,65 L, Mate-
rial was accurately weighed and mixed using a
V-blender. During filling operation, aamplea
were taken at varioua poaitiona in the caniater
for analyaia of boron, cadmium, uranium, and
water content and alao to obtain an eatiarate of

the uniformity of mixing. Table I liata the
gram quantities of materials in each waste can-
iater. Standarda 1, 3, and 4 were fabricated
with sufficient matrix material to fill them.
Canister 2 waa fabricated with only enough ma-
trix material to fill it approximately half-way.
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TASLE 1

WASTE-CANISTERNATzRIALS~

Caniat.r
ZrJ2 B4C

Cd(l
1103

Total
Numb.r .&l_ LQ LkL _Q.L. -L&L.

1 10 ObO 311 105 84.9 10 56d.9

2 5 017 155 53 170 3 395

3 10 113 113 105 ]41 10 872

10 114 312 106 602 11 214

235U

m

49.5

99.0

198.6

397.3

on tha

A partially fjlled cnn’ ter wao I,eeded to aturly
the effect~ of fill hclght on waate a6aay6,

Smftll-Sftm~le ALnay Tube Measurements—...—— ..- --. .-. — ----- ,. ______ - ___
Astniy ~ca]lnlng meamuremf:ntrr were cnmpl .,I

on the four wn~te etrrndarda , The 50.8-cm-long
Plmpletr wtre lowered mnd raieed through the
trmnll tube at a conntant rate of 12.7 cm/min.
Metnurementn were continued while the oample waa
fIt{]Ving through th@ 76-r!Ct-10flg ●canning region.
This rc8ion waa aclected ~aed on the vrnrtical
renponne profile of the delayed-nautron detec-
torn. )klckground data were collected from each
n}lmple ,.uring the duwn ncan, and ● cyclical
252f.f lrrtrdintlon delayed-n~utron mtra~uremcnt
a@qu~nce WHR completed during Lh? tip or!an, The
cycljcal uoq(lence cons!oted of an 8-a sample

irradiation followad by a 4-a delayed-neutron
count. Approximately 0.5 a waa required to move
the source betwean the sample irradiation and
storage poaitiona. During the irradiation se-
quence, neutron co~nta were collacted using low-
efftciency 235U flux-monitor detectors. These
detectors, near tha sample, monitor the source
irradiation strength, fiaaion rate, and hydrogen

conten: of the sample. When the source ia re-
turned to storage delayed-nautron counts are
collected using $He dett!ctora. During the

scanning proceaa, between 36 and 38 irradiation
counting cycles were completed on each caniater.
Variability in the r ~er of cycles resulted
from alight chanjea it. che scan rate for each
canlater. Table II liata the count ratea col-
lected from the waate caniatt?ra corresponding
:0 the 252Cf irradiation source strength equal
to 1.41 x 109 n/a on November 3, 1982, the meas-
urement date. Figure 6 la a plot of the meas-
ured waate standard data. The pointa fit a
straight line indicating that self-ahtelding and
multiplication effects are negligible. A fit
to the equation R - B M, where R is the meaaured
response and M la the masa of the sample, pro-

duced a value for the blope coefficient (B) of
2.33.

Repeatability measurement were conducted
with waste standard 4,
235U,

containing 397.3 g of
in a fixed position at the center of the

small-sample aaaay tube. Fifty irrad iOn-

courit~ng cycles were completed for each measure-
ment, and a wait time of 10 min waa imposed be-
tween measurements to allow the delayed-neutron

precursors ‘O decay. Each cycle required 13.0 s
to complete aud conoistcd of a 0.5-a source
trf3rtafer time, an 8.O-a irradiation time, a
O.S-a ~ource trtrnsfer time, and a 4.O-a delayed-

neutron count tir,e. Movement of the source be-
tween the atora3e And sample irradiation posi-
tions requires a transfer time of W.5 s. The
fixed-position repeatability asuay data for this

TABLE 11

UASTE-CANISTSR SCANNINCAsSAY DATA
(1:/3/82)

23!”
Oolayad ?Iul

C*ni8k*r Nautron (f)N) Nonitor (r?!)
Nuebar .-U

DNi?l#
..—. — -(%!!!!!% .SWU.?!!IL Ratio-—

1 49, s 117.4 i 1.2 lf148.1 : 2.1 O.cll
2 99,0 230$1 i 1,3 1668.3 ~ 2,1 O.lln

3 198,6 4rlJ4$ t 1.9 16)7.4 * 2,2

4

0,283

:97,3 9i4.4 t 1.6 1(139.8 1 2.2 0.5$8

. .
613N/rN la tho ratio Or [h@ d.lay.d-nautto!vto-tlux-m,,nitor
count ratmn.
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Fig. 6. Delayed-neutron detector reeponae vs
the 235U ~a~~ for the four ~a~te etandard~

measured in the small-sample asaay tube.

sarnpl~ are listed in Table III and plotted in
Fig. ~. Delayed-neutron count rates are signif-
icqntlv higher for a stationary sample at the
center of the aSLlay region compared with scan-
ning measurements. A scanning asaay will have
a lower delayed-neutron rate bemuse of end
effects as the ~ample is moved througt the

measurement region of the instrument. A back-

&round waa collected for each measurement and
subtracted from the delayed-neutron and flux-
monitor ,:ounta, Background rates averaged

74.3 t 0.4 zountaln and 0.05 t 0.01 counts/S in
the delayed-neutron and flux-monitor detectors,
respectively, for Lhe 18 repe~ltebtlity meaaure-
mentfi listed in Table IiI. The arithmetic av-

erage nmf standard deviation of the 18 m@aaure-
ments are listed at tlw bottom of Table III.
The repe[~t measurement preci~ions for the de-
layed-neutron and flux-monitor count rates in
this test were C.18 and 0.12%, respectively.
The average delnyed-neutron-to-flux-monitor
ratio was 1.295 * 0.002 with o f,tandard Idcvie-
ticn of 0.17%. The standard dcvintion of the
delayed-neutron and flux-monitor data ia in
c lose agreement with the Pois~on utatiatics
listed fot each meeaurement. VarIahllitiea in
th~ instrument could increase the atandttr’d devi-
ation above the PoiRnon ntatintica. For exam-
pla, i[ the source transfer times were incOnaia-
tent or the eource pnaition for sample irradia-
tion varied nignificnntly betwerr. cyc’. ~n, then
the repeat meanurernent precision could be much
lnrgrr thnn indicated by the Poinaon atatistica

from a given mamnurernent. Tile agreement between
repent a~nuyn 1s within the uncertainty

TASLtl111

lUfPEATASILl~ASSAYSONHASTltSTANDASO4

Me. uirnmant
Num6,r.—

1

2

3

4

5

6

7

0

9

10

11

12

13

14

15

lb

17

18

t4*an

Dmlayed
NeuCKOn (DN)
(counc*/1)

1977.0 i 3.2

19ao.4 * 3.2

197s.4 * 3.2

1376.1 t 3.2

197b.2 ~ 3.2

1983.6 * 3.2

1975.2 f 3.2

1982,0 ~ 3.2

1980.4 f 7.’2

1975.1 * 3.2

1979.4 t 3.2

1981.2 * 3.2

1981.9 * 3.1

1979.4 t 3.2

1977.2 1 3.2

1983.8 * 3.2

1979.2 f 3.2

1973.0 f 3.2

1978.> : 3.6

Flux
Non.bor (?%)
(councmla)

1528.9 i 1.S

1531.8 * 1.s

1529.4 S 1.S

1528.s i 1.8

1527.6 * 1.S

1527,9 t 1.8

1528.7 i 1.S

1528.7 t 1.8

1529.6 t 1.8

1528.8 ~ 1.8

1527.7 1 1.8

1532.4 t 1.8

1530.s : 1.8

1526.9 * :.S

1524.3 * 1.S

1530.1 t.1.8

1521J.5t 1.S

152S.8 $ 1.S—.—

1528,8 i 1.9

DN/FN”
SAtio

1.293

1.293

1.294

1.293

1.292

1.29.9

1.292

1.297

1.295

1.292

1.296

1.293

1.295

1.296

1.297

1.297

1.297

1.291

1,295 * 0,002

●ON/FU 10 tha ratio of the delayed-neutron-to-flux-monitor
count racan
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FiE. 7. Repe,ttnbility mens~lrements on the
397,3-8 235U Wnate titnndnrd (numhcr 4) at ()

fixed pocition centered in the nmall-snmple

Ilnnlty tube.



determined using Poisson statistics, indicating
that inatrumerrt variability la not a significant

source of error for measurements on fixed sam-
ples .

Measurements were completed on a set of
four high-enriched uranium graphite standards
packaged in polyethylene bottles and located in
a fixed position in the center of the small-
sample aasay tube. The uranium was enrictrsd to
92.83% and uniformly mixed in graphite powder.
Table IV lists the data collected from a 40-
cycle measurement sequence on each sample. The

effects of neutron moderation by the graphite

and the resulting uranium sample self-shielding

produce a decreasing response as the uranium

loading is increased. The shape of the curve

(Fig. 8), because of the shielding effect, is
not linear and benda down with increasing mass.

Moderation- and Poison-Effect Mea6UrM2entS-.———
The effects of hydrogenous and poison mate-

riala in samples being measured were studied.

‘Three sets of samples were prepared using a
V-blender. The first set consisted of zirco-

nium-oxide powder blended with four different

quantities of sugar. The sugar provided hydro-
gen and was {.xed to form samples with approxi-
mately 0.5, 1.0, 1.5, and 2.0 wt% hydrogen in
the mix. The second atld third sets of standards
were identical to the first aet except that 2.0
and 3.5 wt% boron carbide was added to the mix.
Fact) measurement sample comprised four stacked,
thin-wall, aluminum cans having a total height
of 55 cm and a diameter of 10.8 cm, which ‘s
similar to the size of the waste canisterm.
Four PWR Zircaloy fuel tubes cut to 7.6-cm
lengths were filled with the U03 rem~ining from

the waste standard fabrication. Each of the

tubes, containing 11.26, 10.94, 10.87, and

10.91 g of 235U, was inserted down the center
line of an aluminum can before measurement. The
cans were then stacked ana scanned through the
sample-assay tube. Tahlea V, VI, and VII list
the data collected from the three sample seta.

The delayed-neutron-to-flux-monitor ratios for
the three sets are plotted in Fig. 9. Increaa-
t ng the llyrlrngertotl% mnterinl {n,.reasea the

TABLE IV

U9.ANIUN-CSAPHITSSANPLEA8SAY DATA

235”
Delnymd FIUX

Ba9p1* Nw!tron (DN) Nonitor (m) DN1,74
ID.— - ..w_– (c.unt9~~~ .,.(c:..t* __Sntio

434 9.283 138,7 t 1.2 2097.8 * 2.4 O.Obb

4)b 4b,42 393,0 * 2.1 20b8.8 : 2.4 0.288

417 91.83 1135.4 i 2,0 2052.b . 2.4 0,153

418 18>.66 203R,> ~ 3.7 :901.8 i 2.1 I,(J29

2s00 r–

“02040eo so 100 120 140 W 180 200

235U Mass (Q)

Fig. 8. Delayed-neutron count rate vs 23% maaa
for assay of high-enriched uranium-graphite sam-
ples.

TAUS V

SFIALL-SANPLEASSAY TUSE f40DEXATIONOATA
(No Poioon titerialc)

Delayed
Hydro8en Nautron (0S)
(Wtx) (countnln)-— .—

0.0 108.8 ~ 1.1

0.4b7 194.1 * 1.4

0.S85 216.1 : ).5

1.24 393.2 t 1.7

1.56 414,0 * 1.)1

?lUX
)lonitor(PM) DNIPNa
(countela) __Ratio

1717.4 * 2.1 0.0b34

2183.3 t 2.5 0.0s89

247.2.8: 2.5 0.1117

2771,3 t 2.7 o.i419

2955.5 i 2.S 0.1604

——_. ._... —
aON/FM 10 the ratio of the delayed-neutroncountn Io the flux-

■onitor countm.

TABLE VI

SMALL SANPLE-ASSAYT(JSEHOOERATIONPLUS POISON DATA
(2.0 wt% Soron Czrblda)

D*lttyed Flux
Mydrn8en Nmutron (DN) Monitor (PM) DN/PH
(wtx) (COWOQ (cO.ntm/~.— utio—. .....

0.0 lCK..5* 1.1 1706.4 * 2.1 0.0435

0.47 149.4 * 1.2 1972.0 t 2.4 0.0758

1.>6 235.9 t l.b 233b.4 t 1.8 0.0930



IABLE VII

SFLiLL-SANFLEASSAY TUBE ?i13DWlATIOilPLUS POISON DAIA
(3.5 wtt Boron Carbide)

Delmyed Ylux
Hydrogen Neutron (DN) Monitor (PN) DNIF?fa
(Wtz) (countmlr) (counts/a) SAtio

0.0 llm.s : 1.1 1700.4 : 2.1 0.0s35

0.452 126.8 * 1.1 1863.6 t 2.2 ? .0680

0.850 150.8 * 1.2 2057.9 * 2.4 0.0:33

1.20 172.8 * 1.3 2253.5 t 2.5 0.0767

1.56 199.9 * 1.3 237’2.9* 2.5 0.0842

●ON/PU is the ratio of the delayed-neutron counts to the flux-
monitorcounts.

-----L. ..4.—.— --L J__

Fig. 9. Delayed-neutron-to-flux monitor ratio

vs weight per cent hydrogen In samples contain-

ing a fixed quantity of uranium with boron poi-

son loadings of O, 2.0, and 3.5 wt%.

dela cd-neutron response from a fixed quantity
C: 2~5 U in a sample. The flux-monitor reaponae
,~l~o increaaea with the quantity of hydrogen
moderator . buing the ratio of delayed-neutron
counts to flux-monitor counts helpa decreaae the
measurement sensitivity to thn hydrogen content
in a sample, hut as shown in Fig, 9, meaaure-
menta are still affected by the hydrogen load-
ing. Adding neutron poison to the sample de-
creaaes the number ot thermal neutrons in the
sample and aids in further decreasing the et-
fects of hydrogenous mnterialc on a sample aa-

aay. Waate caniatera to be meaaured by the FAST
delayed-neutron interrogator will be dried to
remove the unbound hydrogen and are expected to
contain hydrogen loadinga between O and i.O wt%
and poison loadinga between 3.0 and .4.0 wt%.

Uranium-Enrichment-Effe:t Measurement
~ series of measurements waa completed in

the amall- tubea with
and large-a~o~~~ai~i~~y235U enrich-l-kg uranium standards

ments betwaen 1.94 and 91.32%. The meaaured
data are listed in Table VIII. The delayed-
neutron response increased, and the flux-monitor
reaponae remained essentially the same for a
given uranium loading aa the enrichment in-
creaaed. However, the delayed-neutron response
per gram decreaaed with increasing enrichment,
aa ahovn in Fig. 10, because of an increasing

delayed-neutron reaponae from 238U fissions

as the enrichment waa decreased. The response
remained relatively flat for enrichments >30%.
Measurements of low-enriched materials require a
calibration curve using standards that match the
enrichments of the unknown materials. The re-
s ponse from 238U fissions could be decreased by
moderating the 252Cf neutron flux. However, the
sample penetrability would be decreaaed and
measurements on poison-loaded samples would be
more difficult.

Large-Sample Assay Tube Meaaurementa
The large-sample aasay tub~i~- designed to

measure ?amples with lcrge uranium loadings.

The 252Cf irradiation source circles this tube
to provide a ❑ore uniform sample interrogation
than that from irradiating with the source at a

sample
ID___..—

UISO-2

UISO-3

UISO-10

UISC-12

UISO-13

UISO-17

()!s0-27

UISO-:8

UISO-52

UISO-66

UISO-91

$

TAflLEVIII

USAN1Ut4ENRICHttSNTAaSAY DATA
(100o-g Standardsat Varloum Enrichment~)

Enrichment

_ .L”9 —

1.94

3.02

10.06

11.77

13.31

17.34

26.8k

37.70

52.21

66.14

91.12

Delayed
Neutron (DN)
(countm/*

1U16.9 t 3.7

10S6.( * 3,9

1725.5 t 4.13

1850.1 f 4.9

1913.8 i 5,0

2000.1 1 5.1

2636.8 t >.9

323t.0 ~ 6.3

3899.7 f 7.1

4331.6 i 7.4

6178.8 i 8.9

Ilux
Monitor (t%)

( c.un:~~~

1620.6 : 3,0

11115.1f 3.0

1588.7 f ?.0

1509.1 f 3.0

15811.2~ 3.o

1592.9 f 3.0

1!)77.7~ 2.9

1572.(3* 2.9

1573.8i 2.9

1573.8 * 2.9

1533.9 i 2.9

DN/FN
Ratio— .—

0.627

0.673

1.086

1.164

1.208

1.2>6

1.671

1.060

2.478

2.752

3.976
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Fig. 10. Small-sample assay region measurements
of delayed-neutron response per gram of 235U “a

uranium enrichment.

fixed position. Initial experiment were con-
ducted by scanning the +;cte caniaters through
the large-sample assay tube. The aabay proce-
dure is similar to that of the small-sample aa-
say tube. A background ia collected during the
s~mple down acart, and the irradiation and de-
lsyed-neutron counting cyclical sequence are
performed during the ample up scan. The irra-
diation sequence used to measure the waste stan-
dards in the large assay tube consisted of a

0.5-s source transfer, an 8.0-s irradiation
while the source waa moved slowly around the
assay tube, a 0.5-S strurce tranafer, and a 4.O-a
delayed-neutrun count. lhe measurement data,
listed in Table IX, show o lin~ar responpe for
the uranium loading!, in tllc waste-material ma-

trix. These experiments indicate that the
large-sample assay ~egion ia capable of measure-
ments on sampleh containing low uranium loadlnga
when the backgro!lnd levels are also low. Com-
prttlsun of tl)e wa~te-~f.rinrfa~d mensurementfi be-
tween the Bmall- and large-sample aafAny rrgions
8I1OWE, asl Cxpectvd, thnt better measurement
precision i~ 0hL8itWCf usiog the small-Hnmple
asBay tube.

Scanning nsfiay mtiusurernents on a 6 x 6 ar-
ray of BWR fuel roda were collected uninB the
lnrgc-~ample assay tube. The 180-cm-lon~ rodu
were scanned at n rate of 12.7 cm/min, Ffen8urc-
munts were collected with the BWR array contain-

ing from 8 to 36 fuel rods that have n 235U

enrichment 01 2.36X. ThCI ffWR mranurement dat~

KASGE-SANSLS-XSGIONWASTS-CAN?STERSCANNING DATA
(9/18182)

235U
Delayed Flux

Sample Neutron (DN) t!onftor (FN) DNlrn
ID—. -w (cOunte/9) (counts/s) Ratio

1 49.5 3.77 i 0.95 1186.3i 2.1 0.0032

2 99.0 10.43 i 0.9s 1190.5 i 2.1 o.oo8a

3 138.6 19.86 * 1.04 1187.8 * 2.1 0.0167

4 397.3 38.90 i 1.10 1186.8 t 2.1 o.032a

(Table X), plotted in Fig. 11, show a linear re-
aponae with fuel-pin loading.

Fixed-position assay data were collected
on a 15 x 15 array of PWR fuel roda that had
enrichments of 3.19%. The fuel array was posi-
tioned down the cencer of the large-sample aaaay
tube and centered at the detector’s midplane.
Data were collectsd for 20 cycles using an 8.O-a
irradiation time and a 4.O-a delayed-neutron
count time. The PWR measurement data for a
series of rod loadings are listed in Table XI.
Figure 12 ia a plot of the PWR data and shows a
linear reaponae with fuel-pin loading.

Software Featurea——-
Control of the aaaay ayatem ia automated

by software commanda entered at the terminal
located in the crane corridor. For example,
typing the letter A at the terminal initia:ea
an aaaay sequence; the Shuffler then obtaina all
information required for the measurement, such
as tampl~ identification and naaay location,

directly from the facility computer. After in-
formation ia received, the operator is in-
structed to position the sample and lower it
into the aasay tube for mea!rrement. The soft-
ware provides simple, clea, messages liatlng
problems and directing actions required of oper-
ators. When problems appear, the operator urn
override the ayatem and continue measurements;

TABLE X

BUR FUEL ROO SCANNINGAxSAY oATA

Dmlay*d rlux
No, of Neutron (DN) Non Itor (FN)
Itoda

ONIFH
(cO.nt8!* (qoynt Sk Ratio. ..—

8 04.99 : 1.>3 1149.3 i 2,5 0.074

lZ 126.06 f 1.69 :154.1 i 2,,) U.109

18 193.03 ~ 1.92 1151.L i Z,y 0,168

14 255.24 f 2,1’2 1139.6 ! I.!I 0.220
)6 3?4.10 t ‘2,45 1162.6 : 2.! 0.311
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Fig. 11. Large-assay-region scanning rfata from
BMR fuel rods.

No. of
Rode

w

no

100

120

140

i60

180

?00

204

TABLE Xl

lARGE-SANPLE-TUBE PhR ASSAY OATA

Dmlaymd
Nautton (ON)
-(countnla)

12B.El: 1,7

23>.5 : 2.1

191.8 t 2,5

516.1 * 2.8

63fI.O i ],1

7b/,,o $ 1,3

877.6 1 3,$

1005.2f 3.8

1111.8I 3.9

122tl.tli 11,1

1?51,1 f 4,2

Flux

)kmltor (FM)

(co.n,.a/*....-.—--

1146.1 i 2.5

1146.3 I 2.5

114P.2 i 2.5

1140.8 i 2.5

1149.4 i 2.5

llSb.O f 1.5

1157.0 i 2.\

1163.(1i 2.$

116203 i 2.3

1162,7 i 2,5

llb4,2 : 2.$

DN/Ftl
Ratio

0.112

0,223

0,J41

U,449

0.354

0,6bl

0.75’+

0,R64

0.9>7

1.057

1,073

however, all d~te coll?cted arc flrixged when R

problem IN det$$cted. ‘TIIP ~uftwnrc la dcaigned

to be ueer irir.nd,y nri tn ❑nt{nty ffir{l’.y op-

~rntlonal reqtlirrmcntu for tinNnyn performed by
mIn Imnlly Irninrd perMOnnrl on n frrnrturtiun
nchodule .

Wr developed three IJrnphlrn profirnm,l to
ahoh ndtlltlunnl {nfurmatiun tu Incillty prrnrrn-
1101, We color graphico prnnrnm nimi :Atwo in-
fIt runmnt oporatfnn and uhuwn movemvnl of the
Rvurce, aequ-nra 01 operutiot) of IIN ll@lny@d-

neutrou ~nci flux-monitor (Ietec tutu, nnd pknro -
mon~ uf mamploe for Qonny in rithmr the ●mnll-
or large-n{tmplc Nntmy reglonu. A ~rnpt)irm c.nl-

.-
020+000 m ltm Iaz 140 NW Iw Soo

Nurrrber of PWR Fuel Rods

Fig. 12. Large-aaaay-region fixed-sample data
from PWR fuel rods.

ibration progr:.m plotrf the assay rlat.a potnts and
measurement uncertointiea from stondards VE the
uranium maas of a sample. Figure 13 iB a plot

of the smnll-nample aseay region calibrated with
the wnute standards, which shows the cnllbratlon

curvr aod the interpolated assay vnlue irom u
men.9urement c un unknown Hample. TIMI profile

of the urnnium distribution along the length of
n 8amplv lH ubtalned nn n result of ncannlng. A
color grnphicti program ahowlng thr profile di8-
trif.mtion from r. ficnlning mcnnuremont In illurl-
trnted in FiR. 14. TINI dntn in thi# plot cor-

responded to sr!nnning n wnHtP cnnl~tcr Ifllod

wllh zl~cunf ,,n oxide. The cnntnter contnlnad n
200-K 2’511 (Ituk plnced nt thr tnfi with n 4(F-K
uranium fof I pl~cmd on tho bottom. The ~r.?phlc~
?rogramn provldc o~hor lnlnrmnt lull 11) nddltlon

to the urnnlwrn nnn~y vnlue.

Cnnrl\lalnn . .
The Shufflvr JIHaIIY riy~tom lM lNM1.\llo(l al

th(, FAST fnclllty. Cunmrtlonn to the lnrilft y
crcno nnd m, II) far! Ilty romputer wll I be c~!m-
pl~lod I)y Dt},,oml)er lYH’f. TOMI IUH of tho nvmtorn
.~tth rol~ fuel rompollonta” In nrl)~dulod [or lntr
19ff4 , A Lrnln[ng 150urNr wfl! ho tno~ht at lhr
fnrf llty to (~rl#*t)t op~rntoru .41MI rJIIlmrv1141)r M un

\ln@ 0[ tll@ $hllff ]Pr fl)r N(,NIINIIIH NN#Nyll 1)[ b(lt]l
wNnlo nnd fttpl mnmploM. l~aued on IuIII,!I lvn!-

Ing with falwlrntod wnnto NlrIndnrdt4, the I!trntr{[
ment cnn ,!!)tnft) mounuremonl~ with pIo(’{Nlu I)H u~

well unddr I .(, X. Tl,e O,l,lft !,)11 of Ill+llt roll ptll -

nunu to wnnlv mntertn l.! rI1uIIfI+IfivlIt Iho rI[lPrln

0[ hydru~ou londfn An 011 mrnnilrtfmolll a. 1114111* I’It*

rnt!o 01 ds*ltryed-IIeu’ ron I,(MIIII H 10 1 lllx--motlltul



rig. 13. Wnqte-stoldurd ralibratfon d~ta vs uranium mans for moauure -
mrntk in tho amull-snmple ausay tube.
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counts decreases the effect ot hydrogen modeca -

tor on uranium meaauraments of waste samples.
The accuracy of anaaya at the facility will de-

pend on the background neutron level from radio-
active aamplea and will require development of
standerds for ~.natrument aaaay calibration that
are representative of the materiale in the

process.
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